In this paper, the instantaneous mutual information random process is defined and its second-order statistics such as the autocorrelation and autocovariance functions, level crossing rate, and average outage duration are studied in Rayleigh fading channels with non-isotropic scattering. Closed-form expressions and simple approximate results are derived for the statistics of the instantaneous mutual information random process, and their accuracies are verified via Monte Carlo simulations.
INTRODUCTION
The increasing demand for wireless communication over time-varying channels has motivated further investigation of the channel dynamics and its statistical behavior. There are numerous studies on the temporal second-order characteristics of a variety of terrestrial [1] - [6] and satellite channels [7] , such as correlation function, level crossing rate (LCR), and average fade duration. However, the dynamics of the instantaneous mutual infonnation (IMI) of 3 timevarying fading channel has not been studied so far, to the best of our knowledge. For example, the outage probability of a fading channel gives the probability of the IMI to be smaller than a threshold [XI. Nevertheless, it does not show how long the IMI stays below the threshold. This is in fact the average outage duration (AOD) of IMI of a timevarying channel, different from the outage probability. In this paper we define and calculate important second-order statistics of the MI, which give us a more detailed picture of time-varying channels, required for the design of proper signaling schemes.
The rest of the paper is organized as follows, Sec. 2 introduces the channel model and defines the instantaneous mutual information random process, whereas the distributions of scatterers and angle-of-arrival (AoA) are discussed in Sec. 3. Sec. 4 is devoted to the autocorrelation function (ACF) and autocovariance function (AVF) of the IMI. The LCR and AOD of the IMI are derived in Sec. 5 and 6, respectively. Numerical results are presented in Sec. 7, which verify the accuracy of the theoretical results. Finally, the concluding remarks are given in Sec. 8.
THE CHANNEL MODEL AND IMI
In a flat Rayleigh fading channel, the lowpass complex envelope of the channel response h(t) is a zero-mean complex Gaussian random process, which can be represented as
where a(t) and @ ( t ) are real random processes, and j = J-?. At any time t, a(t) has RayIeigh distribution and
@ ( t )
is distributed uniformly over (0,27r (2) bits/s/Hz, where q is the signal-to-noise ratio (SNR).
In the above equation, at any given time t , loga[l + qa2(t)] is a random variable as it depends on the fading amplitude a(t) [SI. We define the IMI random process as
(3)
We will study its second-order statistics such as autocorrelation, autocovariance, LCR and AOD in the following sections.
THE ANGLE OF ARRIVAL DISTRIBUTION
To model the distribution of the angle-of-arrival of waves impinging on either the base station (BS) or mobile station 
ACF AND AVF OF THE IMI
In this, section, first we concentrate on the ACF of the MI, given in (3). The ACF is defined by where In(-) is the natural logarithm with z1 = a2(t) and z2 = a2(t -7). z1 and x 2 have a joint Chi-square PDF with 2 degrees of freedom, given by [13, pp. 21, (3. 17)] h the following two subsections, we use (9) to derive closedform expressions for TC (7) in both low-and high-SNR regimes, by using the series representation of l o ( t ) [14,8.447 .1]
T c ( T ) =E[C(t)C(t -T ) ]

LawSNR
If 7 << 1, based on (6), (9) and (IO), we have where Sl(n! 7, AT> is defined as 7~~~~~~e -~~ which can be simplified to By replacing E l ( n , q A,) in (11) 
High SNR
If q >> 1, based on (6), (9) 
In the case of isotropic scattering, and according to the identity limK-0 = $, the IMI LCR (21) reduces to
AOD OF THE IMI
Based on the relationship between C and a in (3), the cumulative chstribution function (CDF) of C is shown to be
The AOD of the IMI is therefore given by' f(Cth) = F(Cth)/N(Cth)' (24) where N(-) and F ( -) are given by (21) and (23), respectively. With the isotropic scattering, the AOD, normalized by fm, is
NUMERICAL RESULTS
In this paper, we have used the spectral method of [15] to simulate the RayIeigh flat fading channel with non-isotropic scattering. For all simulations, the maximum Doppler frequency shift f m is set to 1Hz2. For ACF and AVF simulation at the MS, we set q = -30dB for low SNR and q = 30dB for high SNR. For isotropic scattering simulation in Fig. 2 , we set = 0 'The concept is similar to the average envelope fade duration, whose formula is given by (2.106) [3, pp. 661 2The specific value of fm is not critical in this study, since it appears as a scaling factor, such as k f ,~ in all the correlation and covariance expressions, as we11 as LCR and AOD in (21) and (241, respectively. 
Fig. 2. ACF and AVF of the channel h(t) and the IMI c(t),
with isotropic scattering.
and PI = 1, whereas for non-isotropic scattering simulation in Fig. 3 , we consider two clusters around the MS, Fig. 2 and 3 . Based on Fig. 2-4 By comparing Fig. 5 IMI does not appear to be very sensitive to the differences among the propagation examples considered.
CONCLUSION
In this paper, closed-form expressions for the Ievel crossing rate and average outage duration of the IMI of a timevarying Rayleigh fading channel are derived, as well as correlation functions of the IMI at low and high SNR regimes. The analytical expressions, supported by Monte Carlo simuIations, provide useful qualitative and quantitative information regarding the fluctuation of the IMI . For example, as the spread of the angle-of-arrival increases, IMI crossing rate increases according to our results, which means more fluctuations in the IMI. Furthermore, LMI values become less correlated. Quantification of the average outage duration of the IMI is another noteworthy outcome of this paper. For example, with isotropic scattering, the IMI remains below 3 bits/s/Hz for almost 100/fm s, on average. At 900
MHz and for a car moving with 20 milesh, this translates into a duration of 5 s.
